Fatty acid and ketone body metabolism differ considerably between monogastric and ruminant species. The regulation of the key enzymes involved may differ accordingly. Carnitine palmitoyltransferase 1 (CPT 1) is the key locus for the control of long-chain fatty acid β-oxidation and liver ketogenesis. Previously we showed that CPT 1 kinetics in sheep and rat liver mitochondria differ. We cloned cDNAs for both isoforms [liver-(L-) and muscle-(M-)] of ovine CPT 1 in order to elucidate the structural features of these proteins and their genes (CPT1A and CPT1B). Their deduced amino acid sequences show a high degree of conservation compared with orthologues from other mammalian species, with the notable exception of the N-terminus of ovine M-CPT 1. These differences were also present in bovine M-CPT 1, whose N-terminal sequence we determined. In addition, the 5 -end of the sheep CPT1B cDNA suggested a different promoter architecture when compared with previously characterized CPT1B genes. Northern blotting revealed differences in tissue distribution for both CPT1A and CPT1B transcripts compared with other species. In particular, ovine CPT1B mRNA was less tissue restricted, and the predominant transcript in the pancreas was CPT1B. Expression in yeast allowed kinetic characterization of the two native enzymes, and of a chimaera in which the distinctive N-terminal segment of ovine M-CPT 1 was replaced with that from rat M-CPT 1. The ovine N-terminal segment influences the kinetics of the enzyme for both its substrates, such that the K m for palmitoyl-CoA is decreased and that for carnitine is increased for the chimaera, relative to the parental ovine M-CPT 1.
INTRODUCTION
Long-chain fatty acid β-oxidation occurs in the mitochondrial matrix, whereas acyl-CoA esters of these fatty acids are synthesized within the cytosolic cell compartment. The mitochondrial inner membrane is impermeable for acyl-CoA molecules. Therefore transfer of the acyl moieties across this permeability barrier necessitates the generation of a molecular species, acylcarnitine esters, for which the specific carnitine/acylcarnitine translocase exists within the inner membrane. The formation of acylcarnitine esters is therefore the first reaction that commits acyl chains to oxidation within the mitochondria, and is catalysed by carnitine palmitoyltransferase (CPT) 1. This enzyme is a polytopic integral protein of the mitochondrial outer membrane, the activity of which has a high degree of control over the rate of fatty acid oxidation. In the liver, the utilization of fatty acids for ketogenesis is also largely controlled by CPT 1. Ketosis, resulting from the rapid production of ketone bodies due to perturbations in insulin secretion/action, has serious metabolic consequences that are important both in humans (e.g. in diabetes) and in cattle (decreased milk yield) and sheep (pregnancy toxaemia).
The mammalian CPT 1 subfamily of proteins consists of three members termed CPT 1A, 1B and 1C. CPT 1C appears to be restricted to the central neural tissues, and its function has yet to be determined [1] . CPT 1A and CPT 1B are expressed in a wide range of tissues. In monogastric animals, CPT 1A [also known as liverAbbreviations used: CPT 1, carnitine palmitoyltransferase 1 (the prefixes L-and M-refer to the liver and muscle isoforms respectively); COT, carnitine octanoyltransferase; EST, expressed sequence tag; RACE, rapid amplification of cDNA ends; UTR, untranslated region. 1 To whom correspondence should be addressed (e-mail pricen@hri.sari.ac.uk).
The nucleotide sequence data reported will appear in DDBJ, EMBL, GenBank R and GSDB Nucleotide Sequence Databases; the sequences of ovine CPT1A and CPT1B cDNAs have the accession numbers Y18387 and AJ272435 respectively and the partial adipose tissue and liver CPT1A clones have the accession numbers Y18830 and Y18829 respectively. type (L-) CPT 1, as it was described first in the liver] is also present in kidney, brain, and pancreas, whereas CPT 1B [also known as muscle-type (M-) CPT 1] is highly expressed in muscle, heart and adipose tissue among others. The activity of CPT 1 is inhibited by malonyl-CoA, the first intermediate of the pathway of fatty acid synthesis. The kinetic characterization of mammalian CPT 1 isoforms has been limited mainly to those in monogastric species. The salient differences between the two isoforms are that there is a large difference in the sensitivity of CPT 1A (less sensitive) and CPT 1B to malonyl-CoA, and that this is mirrored by a greater affinity of CPT 1A for one of the substrates, L-carnitine [2] . In addition, there is evidence that the CPT 1A and CPT 1B in sheep liver and muscle mitochondria respectively may have sensitivities much more similar to malonyl-CoA [3] . Therefore a better understanding of the structure-function relationships of CPT 1 isoforms in general, and of those responsible for ruminant metabolism in particular, would benefit from the elucidation of the primary sequences of the proteins in a ruminant species, and the kinetic characterization of the proteins expressed in a heterologous system.
In the present study, we have cloned and sequenced the cDNAs of sheep CPT 1A and CPT 1B isoforms and determined the tissue distribution of their mRNAs. The proteins were expressed in the yeast Pichia pastoris, and kinetically characterized in terms of their substrate affinities and sensitivity to malonyl-CoA inhibition. Table 1 Primers used for cloning of CPT1A and CPT1B, and for generation  of constructs for expression in P. pastoris   Primer  Sequence   A  GCNGTNGCNTTYCAGTTCAC  B  A GGTAGAYRTAYTCYTCCCACCAGTC  C  GGGCAGGCGCGGCAGAGATGTC  D  CCCCCTCATGGTCAACAGCAACTACTACG  E  TGGGCGGAGCAGAGCGGAATCATTTTTTTTTTTTTTTTTTV  F  TGGGCGGAGCAGAGCGGAATCA  G  AAGAACGGCCAGCTGGGACTCAACACA  H  CTCTCGAGCCCTTAGCCATCAGCCTTAGGAAC  I  GTTCGAAGCAACCCCCAGGATGGCGGAAGC  J  GCGGACGCAGACAGCCCAGAC  K  GCCAAGCAACCCCCAGGATG  L GTTGCCATAACCACGACCAGCC
MATERIALS AND METHODS

cDNA libraries
The sheep (male Finn-Dorset X-breed) omentum adipose tissue random-and oligo(dT)-primed libraries in λgt11 have been described previously [4] . The high-oxygen lamb lung oligo(dT)-primed library in λ UniZAP XR (Stratagene) [5] was a kind gift from Dr T. A. Hazinski and Dr A. DeMatteo (Vanderbilt University, Nashville, TE, U.S.A.).
Generation of a probe by PCR
Two degenerate PCR primers (A and B, see Table 1 ) were designed based on regions corresponding to amino acids 7-13 and 234-242 of rat M-CPT 1 respectively, which are absolutely conserved in both CPT1A and CPT1B from rat and human. cDNA prepared from RNA isolated from muscle and liver of Texel breed sheep was amplified by PCR with the two primers. The products obtained from each cDNA pool were cloned and sequenced, and verified to correspond to CPT 1 fragments. For this and all subsequent PCRs, clones from three independent reactions were sequenced.
cDNA library screening
The ovine adipose and lung cDNA libraries were screened as described previously [6, 7] . PCR using vector primers was used to assess the insert size. Clones from the lung library were cloned into pBluescript SK(-) as described previously [6] . λgt11 DNA was prepared from pure plaques and the inserts excised with EcoRI. cDNA inserts were cloned into pBluescript SK(-) to allow sequencing.
-Rapid amplification of cDNA ends (RACE)
cDNA was prepared from sheep heart total RNA using primer E (Table 1) . 3 -RACE-PCR was performed using anchor primer F, which annealed to the 3 -primer-derived extension on the cDNA, and primer G, derived from the 3 -end of the known M-CPT 1 cDNA sequence. PCR products were cloned into pGEM-5zf using a TA-cloning kit (Promega). The full-length ovine CPT1B cDNA was assembled in pBluescript SK(-) from the two overlapping clones from the original library screen (using the BclI restriction site, with DNA from Dam methylase minus Escherichia coli strain JM110), and the 3 -RACE product (BstAPI restriction site). To facilitate subsequent expression in P. pastoris, prior to assembly, the 5 -untranslated region (5 -UTR) was truncated and a Csp45I site introduced upstream of the start codon in the 5 -end clone. A PCR product generated using primers I and J was used to replace the sequence of the cDNA 5 to the first HincII restriction site. The assembled cDNA with modified 5 -end was finally subcloned into pGAPZ B cut with Csp45I and XbaI as a Csp45I-AvrII fragment, the latter site being present within the 3 -UTR of the cDNA.
PCR amplification of bovine genomic DNA corresponding to the N-terminus of M-CPT 1 PCR was performed on bovine genomic DNA using primers K and L (Table 1 ) and the sequence of the resultant product, which flanks a single intron, was determined. The amino acid sequence of the N-terminus of bovine M-CPT 1, shown in Figure 2 , was determined from the nucleotide sequence of the two exons.
Northern blotting
Total RNA was isolated from several ovine tissues, as shown in Figure 1 . Northern blots were performed as described previously [8] and probed with random-primed [
32 P]dCTP-labelled CPT1A or CPT1B DNA. Probes corresponding to nucleotides 2166-2479 and 1964-2529 of the two cDNAs respectively were selected as non-homologous regions between isoforms (corresponding to the C-termini).
Expression in P. pastoris and characterization of CPT 1 activity
The linearized DNAs were separately transformed into P. pastoris as described previously [9, 10] . Preparation of cell-free extracts, CPT assays, data analysis and curve-fitting were performed as described in [10] .
Generation of a chimaeric rat/sheep M-CPT 1
A chimaera of ovine M-CPT 1 with the N-terminus and transmembrane domain 1 [11] from rat M-CPT 1 was generated using the conserved NcoI restriction site present within each sequence. The chimaera was expressed in P. pastoris, as for the wild type ovine M-CPT 1.
Other methods
SDS/PAGE and Western blotting were performed as described in [12] . The antibody to rat L-CPT 1 used to detect ovine L-CPT 1 expression was raised to an E. coli-expressed antigen consisting of the BspHI-EcoICRI fragment of rat CPT 1A cDNA cloned into pET-20b (NcoI-EcoRV), corresponding to amino acids 120-695. The antibody to rat M-CPT 1 is described in [12] .
RESULTS
Cloning of ovine CPT 1A and CPT 1B
PCR with sheep liver and muscle cDNA, using degenerate primers based on sequences absolutely conserved in both isoforms of CPT 1 from human and rat, gave products of the expected sizes. Their deduced protein sequences showed 89 and 88.1% identity with their respective human L-and M-CPT 1 counterparts. In both cases, their nucleotide sequences matched the cDNA sequences obtained subsequently. The sequence of the PCR product for CPT1A was placed in the database with accession number Y18829. These PCR products were used as probes to separately screen an ovine adipose cDNA library.
CPT 1A
A clone was obtained from the oligo(dT)-primed adipose library, which corresponded to the 3 -end of CPT1A (nucleotides 1001-2490 of the final cDNA). Its sequence showed five differences to the final cDNA sequence obtained (see database entry accession numbers Y18830 and Y18387). These polymorphisms, which are all within the coding region, are all silent, except that at position 2401, which leads to a Thr 759 → Ile substitution in ovine L-CPT 1. This residue, which is near the C-terminus of the protein, is Met in rat and mouse L-CPT 1 and Thr in human and pig L-CPT 1, whereas Leu is found in human, mouse, rat and sheep M-CPT.
PCR using a primer derived from the 5 -end of this sequence (primer C, Table 1 ) in combination with primers to the λ vector, or primer A, failed to detect longer clones in this library, or in the random-primed adipose library. Thus an ovine lung cDNA library was screened, yielding a clone containing an open reading frame encoding the whole of L-CPT 1, when compared with CPT 1 sequences from other mammals. This sequence has been deposited in the public sequence databases (accession number Y18387).
CPT 1B
A single clone obtained from the random-primed adipose tissue cDNA library screen corresponded to the 5 -end of CPT1B cDNA (nucleotides 1-964 of the final cDNA sequence). PCR using the cDNA library as template, and primer D (derived from the 3 end of the clone) in combination with a λ vector-specific primer, yielded further sequence (extending to nucleotide 1982 of the full-length cDNA); however, this sequence still did not constitute the complete 3 -end of the cDNA. A second round of PCR screening with primer G derived from the new 3 -end did not yield any further clones, and PCR on the ovine lung library also indicated that no detectable full-length or 3 -end CPT1B clones were present. The remaining sequence was obtained by 3 -RACE using heart cDNA as described in the Materials and methods section. It was verified that this same sequence exists in cDNA prepared from adipose tissue by sequencing a PCR product generated using primers G and H.
The complete CPT1B cDNA was assembled as described in the Materials and methods section. The 5 -UTR was also modified in this process to facilitate cloning into the pGAPZ vector for subsequent expression in P. pastoris.
Nucleotide sequence analysis: CPT 1A
The sheep CPT 1A cDNA contains an open reading frame encoding 773 amino acids, as found in rat, human and mouse L-CPT 1. Porcine L-CPT 1 has 772 residues [13] . There are no upstream additional AUGs or in-frame stop codons. The nucleotide sequence is 2490 bases long and has 125 and 43 nucleotide 5 -and 3 -UTRs respectively. The sequence of the 5 -UTR is longer than those of the other published CPT1A cDNA sequences, with the sequence upstream of the first coding exon (the position judged by that of rat, mouse and human Cpt1a) being very GC-rich (87 %). Owing to a much shorter 3 -UTR, the ovine CPT1A cDNA was considerably shorter than the cDNAs from other species: rat, 4.3 kb [14] ; mouse, 4.3 kb (F. R. van der Leij and N. T. Price, unpublished work); and pig, 4.7 kb [13] . Similarly, although the human L-CPT 1 cDNA sequence reported in [15] (2430 bp; accession number L39211) was not full length, Northern blotting showed that the transcript (approx. 4.7 kb) was considerably longer than that found for the sheep L-CPT 1 cDNA. Northern blotting revealed a single major transcript of approx. 4.7 kb (co-migrating with the 28 S ribosomal RNA, Figure 1 ), indicating that ovine CPT1A transcripts are of a similar size to those from other mammals. Therefore it was concluded that, although ovine CPT1A cDNA clones obtained from two completely independent oligo(dT)-primed libraries (the full-length ovine CPT1A clone from the lung library and the partial 3 clone from the adipose library) had 3 -ends which extended to the same position, our cDNA clone is incomplete at the 3 -end, although it contains the full L-CPT 1 reading frame.
Nucleotide sequence analysis: CPT 1B
The complete sequence for ovine CPT 1B has been deposited in the nucleotide sequence databases (accession number AJ272435). It consists of 2681 nucleotides, with 5 -and 3 -UTRs of 113 and 252 nucleotides respectively. Ovine CPT1B is thus of a similar size to the cloned cDNAs for human (2.5-2.6 kb) [16] [17] [18] , pig (approx. 3 kb) [13] , rat and mouse (both approx. 2.8 kb) [12, 19] CPT 1B. There is an in-frame stop codon upstream of the first ATG in the cDNA. The first ATG is in good translation initiation context and predicts an open reading frame with similarity to known CPT 1 sequences. There is a consensus polyadenylation signal (AATAAA) at nucleotide 2644 and the sequence shows a 16 nucleotide poly-(A) tail [which was not derived from the oligod(T) primer], suggesting that it is full-length at the 3 -end. The size of the cDNA is also in agreement with the size of the transcript seen on a Northern blot (Figure 1) .
A partial cDNA clone (accession number AF233073) for ovine CPT1B is present in the databases [20] . This sequence corresponds to nucleotides 1110-2086 of our complete cDNA and shows a single silent nucleotide difference (T-C transition) at position 1118. The figure shows accession numbers for the nucleotide sequences from which these amino acid sequences were derived. *The nucleotide sequence of mouse Cpt1a cDNA is incomplete at the 5 -end. The region corresponding to the first 9 amino acids was derived from the numerous available overlapping mouse ESTs (not shown). The sequence of bovine M-CPT 1 was obtained by sequencing a PCR product from genomic DNA. †Caution should be exercised for the porcine M-CPT 1 sequence, which is derived from a single pass sequence from a single EST clone. Residues that are absolutely conserved between isoforms and species are shown at the bottom.
The open-reading frame encodes a 771-amino-acid protein, which is one residue shorter than rat, human or mouse M-CPT 1. This difference is present between amino acids 94 and 95, as judged from protein sequence alignments (results not shown), in the proposed loop between transmembrane domains 1 and 2 [11] , which corresponds to an area of relatively low conservation among CPT 1 sequences, both at the DNA and protein level. In cases where the genomic sequences are known, this position is found to be proximal to the exon 3/4 boundary (where exon 2 is the first coding exon). Comparison of M-CPT 1-encoding nucleotide sequences suggests that the difference in ovine M-CPT 1 derives from differences at the 5 -end of exon 4.
Tissue distribution of ovine CPT 1 mRNAs
CPT1A mRNA was detected in all the tissues examined, with the highest abundance in liver, kidney, brain and non-lactating mammary gland (Figure 1 ). The CPT1B transcript was readily detectable in all tissues examined, except the spleen, and was especially abundant in heart, muscle and lactating mammary gland. In the latter there was an up-regulation of CPT1B with the onset of lactation, with a concomitant down-regulation of CPT1A (results not shown). Quantification of hybridization signals (arbitrary units expressed per g of DNA) showed almost a 10-fold increase in CPT1B mRNA in lactating (11680 + − 1421; n = 4) compared with late pregnant (1383 + − 175; n = 4) and control mammary (702, 1392; n = 2) tissue.
Identification of N-terminal sequences of CPT 1 from other mammalian species
Since ovine M-CPT 1 has a number of amino acid substitutions within the N-terminus which distinguish it from human, rat and mouse M-CPT 1 proteins (Figure 2) , we sought to identify sequences from other mammals for additional comparison using expressed sequence tag (EST) data. Single sequences were found for pig (AW430779) and bovine (BF776365) CPT1B. Two other bovine ESTs exist (accession numbers BF603646 and BF603647) which confirm the identity of the first 20 amino acids; however, they contain large internal deletions relative to the expected fulllength cDNA. To confirm this sequence, we sequenced PCR products derived from bovine genomic DNA. The derived protein sequence is shown in Figure 2 , together with all the other available mammalian CPT 1 N-terminal sequences.
Expression of ovine L-and M-CPT 1 in P. pastoris
The kinetic properties of L-CPT 1 are highly influenced by the properties of the membrane bilayer in which it resides [21] . This is thought to be due to plasticity in the interactions between the N-and C-terminal domains of the protein, and in particular to the role that specific residues within the N-terminal domain play as determinants of malonyl-CoA sensitivity and affinity for carnitine of the L-and M-isoforms [22] [23] [24] [25] . In this respect, the notable sequence differences within the N-terminus of ovine M-CPT 1 were of particular interest. In order to compare the kinetic parameters of the ovine CPT 1 isoforms with their rat counterparts in an identical membrane environment, and thus to allow attribution of distinct kinetic properties to differences in primary amino acid sequence, we expressed the cDNAs in P. pastoris.
Relatively poor expression of ovine CPT 1A and 1B was obtained in P. pastoris, judging by the level of CPT activity, when compared with that observed for the rat proteins. Therefore clones expressing ovine CPT 1 were selected for high copy number using 1.0 mg/ml zeocin, so as to yield CPT activity comparable with that from Pichia expressing rat L-CPT 1. Expression of ovine L-and M-CPT 1 was confirmed by detection of protein of the expected size, using polyclonal antibodies raised against E. coli-expressed regions of the C-terminal segment of rat L-and M-CPT 1 respectively (Figure 3) . The ovine L-and M-CPT 1 proteins showed very similar migration to the corresponding rat proteins in rat liver and heart mitochondria respectively (Figure 3 ).
Kinetic characterization of ovine L-and M-CPT 1 expressed in P. pastoris
The kinetics of ovine L-and M-CPT 1 with respect to the substrates palmitoyl-CoA and carnitine, and the inhibitor Proteins were resolved by SDS/PAGE using 10 % Nu-Page gels (Invitrogen) with Mops buffer. Western blots were probed with antibodies to recombinant rat L-and M-CPT 1 (left-and right-hand panels, respectively) as described in the methods. Lanes 1 and 6 contain extracts from non-transfected P. pastoris. Lane 2, P. pastoris-expressed ovine L-CPT 1; lane 3, rat liver mitochondria; lane 4, P. pastoris-expresssed ovine M-CPT 1; lane 5, rat heart mitochondria. Positions of migration for 97, 64 and 51 kDa markers (M) are indicated. malonyl-CoA, were determined using the same methods applied to the rat enzyme [10] . The values determined for the sheep enzymes are shown in Table 2 , together with the values for their rat counterparts for comparison [10] . It can be seen that the IC 50 values for malonyl-CoA, for ovine L-and M-CPT 1, are much closer to one another (< 3-fold difference) than for the rat enzymes (> 10-fold difference). This is due primarily to the 3.5-fold higher IC 50 for the M-isoform in the ovine compared with that of the rat protein. Likewise, the K m s for carnitine are closer together (< 3-fold difference in sheep versus > 5-fold difference in rat) due to a higher K m for the ovine L-CPT 1, and a relatively lower K m for the M-CPT 1 isoform. Conversely, the values of K m for palmitoyl-CoA show slightly more difference, due to lower and higher values for ovine L-and M-CPT 1 respectively, compared with the rat equivalents.
Generation, expression and kinetic characterization of a chimaeric rat/sheep M-CPT 1
The N-terminus of rat M-CPT 1 has been shown to have important influences on substrate kinetics [25] . As ovine M-CPT 1 demonstrated distinct kinetic characteristics compared with those of the rat enzyme, and also had the lowest degree of amino acid conservation, we wanted to investigate whether the kinetic differences observed were solely due to the substitutions observed in the N-terminal segment of the ovine protein. Therefore a chimaeric cDNA was generated with the N-terminus of the ovine protein replaced with that from rat M-CPT 1. Comparison of the sequences of CPT1B from these two species revealed a conserved NcoI restriction site in the nucleotide sequence, corresponding to the loop region of the protein (CCATGG, where the ATG encodes Met 81 ). Thus a chimaera was generated by exchange at the NcoI site, and this cDNA was expressed in P. pastoris and kinetically characterized, as for the parental enzymes.
As shown in Table 2 , the K m for carnitine was raised from 560 + − 35 µM in the native ovine M-CPT 1 to 785 + − 16 µM in the chimaera. The K m for palmitoyl-CoA is less than half that of the parental ovine M-CPT 1, whereas the chimaera has an IC 50 for malonyl-CoA of 19.48 + − 1.64 µM, which is higher than that of the parental ovine enzyme.
DISCUSSION
cDNAs containing the full coding sequences of ovine L-and M-CPT 1 were obtained, allowing comparison of the DNA and derived protein sequences with those from other species.
Inferred promoter organization of CPT1A
The rat CPT1A gene has a single promoter, along with an alternatively spliced non-coding exon [26] [27] [28] . Human CPT1A has two alternative promoters [29] , the downstream of which corresponds to that from rat. Two alternative 5 -ends for porcine CPT 1A cDNAs were identified [13] , suggesting that pig also has two promoters.
The 5 -UTR of ovine CPT1A reported here shows sequence identity with the human downstream promoter transcript, the shorter porcine 5 -RACE product (70 % and 62 % identity respectively) and the rat CPT1A 5 -UTR, such that the transcripts from these four species all clearly originate from homologous promoters. The ovine CPT1A 5 -UTR is longer (125 nucleotides) than those of the published cDNAs for human (76 nucleotides; accession number L39211) or the corresponding pig (94 nt) CPT1A transcript [13] . However, human promoter CPT 1B transcripts with 5 -UTRs of up to 267 nt have been mapped [29] . Although the published rat cDNA sequence ( [14] ; L07736), has 102 nt of 5 -UTR, this consists of 88 nt from the alternatively spliced 117 nt exon 2 described in [26] , together with 13 nt of the first coding exon, and it thus lacks the 27 nt leader exon [26] that would indicate the promoter from which it derived.
Clearly, comparison of the genomic sequences upstream of these leader exons is needed to assess conserved transcription factor binding elements, but analysis of 5 -ends can reveal important information for gene structure, as proved to be the case for ovine CPT1B.
Inferred promoter structure of ovine CPT1B
The human CPT1B gene has two closely approximated promoters that are transcribed in a tissue-preferred manner, generating mRNA with alternate leader exons, termed 1A or U (upstream/universal), and 1B or M (muscle-specific) [30] [31] [32] . The 5 -end of our ovine CPT1B cDNA contains 94 nt upstream of the exon 2 (ATG-containing) boundary (the position as judged from rat, mouse and human data). It thus extends further upstream than expected (relative to the human exon 1B/M to which it shows sequence similarity). Additionally, having been derived from adipose cDNA, it was expected that it would contain the leader exon, resulting from use of the universal, rather than the muscle-specific (1B/M), promoter.
In previously reported work [12] , we showed that (i) ovine CPT1B has two promoters equivalent to those found in humans, and (ii) although primary transcripts equivalent to those for human CPT1B are generated, non-conservation of a splice-donor site just downstream of the U promoter transcriptional start site results in ovine exon 1A being a 5 -extended version of exon 1B, with both using the same splice donor site. These combined discoveries for the ovine promoter prompted re-examination of the mouse and rat Cpt1b promoter structure, with novel findings [12] .
The ovine cDNA has approx. 50 nt upstream of the transcription start sites for the ovine CPT1B M promoter [12] . Our characterization of the ovine promoter organization thus allows us to identify this cDNA as a 5 -truncated transcript from the U promoter. Thus it does in fact result from usage of the expected promoter in adipose tissue. Based on the transcription start sites mapped in [12] , the cDNA lacks 113/114 or 147 nt from its 5 -end.
EST sequences for CPT1B from pooled pig (AW430779) or cow (BF603646 and BF603647) tissue are longer at the 5 -end than our ovine sequence by 17 and 121 nt respectively. These sequences clearly derive from the U promoter, and suggest that cow and pig CPT1B transcripts also have the same 3 -extended U exon found in sheep, rats and mice, compared with that seen for human CPT1B.
Tissue-specific expression of ovine CPT 1A and 1B
Ovine CPT1A mRNA tissue distribution (Figure 1) shows several notable differences from that seen in other mammalian species (e.g. [2, 13, 18, 19, 33, 34] ), although published results show considerable variation, for example with human tissues (cf. [18] and [16] ). CPT1A expression is generally regarded as extremely low in skeletal muscle, with only trace amounts of mRNA detectable in rat [2] and pig [13] . We were thus surprised to find CPT1A expression in ovine muscle; however, it has previously been shown that human muscle contains relatively high levels of CPT1A transcript [16, 18] . In several species, the highest CPT1A expression is seen in the kidney (rat [19, 34] , human [16] and pig [13] ), whereas here we find kidney mRNA levels similar to those in liver. Other notable differences include relatively low expression of CPT1A in ovine heart and pancreas.
Although more sensitive techniques, such as PCR, show CPT1B transcripts to be present in most tissues examined [31, 35] , they are normally only detected by Northern blotting in heart, skeletal muscle, and testis, as well as adipocytes [2] (with the exception of white adipocytes from the mouse [34] ). CPT1B is also relatively highly expressed in livers from 5-day fasted rats [31] . In sheep, high expression levels are indeed seen in heart and skeletal muscle; however, low levels of CPT1B transcript are clearly detectable in other tissues, including liver, kidney, pancreas and brain. The pancreas is of particular note, since the rat tissue expresses high levels of CPT1A, whereas CPT1B is undetectable [2] . In sheep, CPT1B mRNA predominates, which, if reflected in CPT 1 enzyme isoform abundance, would be expected to lead to very different nutrient stimulus-secretion coupling of insulin secretion, compared with that studied in monogastric species, if malonyl-CoA inhibition of CPT 1 is involved in this process in the ovine pancreas.
Ovine M-CPT 1 thus has a less restricted tissue distribution than in other species previously examined. This may reflect the distinctive promoter organization for ovine CPT1B. Studies with reporter constructs derived from the rat Cpt1b promoter suggest the presence of upstream elements that repress expression in livertype cells [36] . The equivalent region within the ovine promoter is interrupted by an insertion sequence [12] , which may alter the chromatin structure compared with that in rat, reducing the effect of any upstream elements acting to repress non-hepatic expression. The Art2 retrotransposon itself might bind factors that influence the expression of CPT1B, as is seen with repression of bovine acetyl-CoA carboxylase-α expression [37] . Indeed, several putative transcription factor-binding sites are present, including a potential progesterone receptor-binding element that may have relevance to mammary gland CPT1B expression.
Developmentally regulated expression of CPT 1 in the mammary gland
We demonstrate reciprocal changes in CPT1A and CPT1B mRNA expression in the mammary gland, from relatively high levels of CPT1A and low levels of CPT1B in the gland from control and pregnant animals to the reverse in the gland from lactating animals ( Figure 1 ). This could reflect a change in the balance between the respective populations of adipocytes and secretory epithelial cells at the onset of lactation and/or isoform-switching within the epithelial cells. The marked hormonal changes occuring during the pregnancy-lactation transition could bring about such changes if the two CPT1 genes respond reciprocally to hormonal stimuli. It is clear that further studies, that are beyond the scope of the present one, will be required to establish whether changes in isoform expression occur within mammary epithelial cells, and the hormonal changes responsible for such a putative effect. To the authors' knowledge, this is the first description of CPT 1 isoform expression in the mammary gland. It will be interesting to see if non-ruminants display a similar expression pattern.
Changes in the relative expression of the L-and M-CPT 1 isoforms have also been observed in other cases, including differentiating adipocytes [34] , maturing rat testis [38] , failing heart [39] , and brown adipose from cold-exposed rats [40] or mice [41] . The changes seen in developing rat heart accompanying increased myocardial carnitine content are due to decreased expression of Cpt1a mRNA [36] and protein [42] . Relative changes in expression due to both an increase in Cpt1b mRNA and a decrease in Cpt1a mRNA occur following the mitochondrial proliferation resulting from electrical stimulation of cultured neonatal rat cardiomyocytes [43] .
Protein sequence conservation
The cDNA-derived protein sequence of ovine L-CPT 1 is most highly related to that of porcine L-CPT 1 (90.2 % identity). It shows 89, 86.7 and 86.8 % identity with its human, mouse and rat counterparts respectively. That of ovine M-CPT 1 is most closely related to human (88.6 % identity), sharing 84.8 and 85.9 % identity with rat and mouse respectively.
C-terminal domain, transmembrane domains and loop region of CPT 1
The transmembrane segment 1 amino acid sequences are highly conserved within isoforms for both ovine CPT 1 proteins, compared with known sequences from other mammals, having only conservative substitutions at the intermembrane spaceproximal end. This includes the absolutely conserved dichotomy between Thr/Arg at position 52, characteristic of L-and M-CPT 1 respectively. The loop region is less conserved; however, the two invariant proline residues in M-CPT 1 and the single Pro in L-CPT 1 are present ovine CPT 1s.
Most of the other substitutions that occur throughout the C-domain are conservative and/or found in the sequences of one or more of the other CPT 1 proteins. Among the notable exceptions are the substitutions Gly 524 → Glu and Asp/Val 552 → Arg in ovine L-CPT 1. Both residues are within the region of rat L-CPT 1, the structure of which was recently modelled [44] ; however, the recently available crystal structure for carnitine acetyltransferase questions the validity of this model [45] . Glu is also found at the position equivalent to 524 in rat and sheep M-CPT 1, and in carnitine octanoyltransferase (COT). The residue equivalent to Arg 552 is not conserved in M-CPT 1 (all have Leu at this position) or COT [44] . The residues Arg/Lys-Pro (positions 191-192 in rat L-CPT 1), which are absolutely conserved in all other CPT 1 proteins, are replaced by Glu-His in ovine M-CPT 1.
The highly malonyl-CoA-sensitive porcine L-CPT 1 lacks an arginine residue at position 295 (due to a relative single amino acid deletion). This charged residue was postulated to be characteristic of L-CPT 1 species with low malonyl-CoA sensitivity [13] . This interpretation is now challenged, since ovine L-CPT 1, which has a malonyl-CoA sensitivity close to that of rat L-CPT 1, has a leucine residue in this position.
The N-terminal segment
The cytosol-exposed N-terminus of rat L-CPT 1 has an important role in modifying the malonyl-CoA-sensitivity of the C-terminal segment of the protein. This region has both positive (Glu 3 [22] ) and negative (Ser 24 and Glu 30 [24] ) determinants of this inhibition [23] . Ovine L-CPT 1 has an identical N-terminal sequence with that of rat L-CPT 1, with only three conservative substitutions: Leu 23 → Met (as in porcine L-CPT 1 [13] ), Lys 29 → Arg (as in the human and pig enzymes), and Cys 31 → Tyr. Cys at this position in rat L-CPT 1 is the exception; Tyr is present in all the other known L-CPT 1 enzymes. Thus the N-terminus of ovine L-CPT 1 is highly similar to those of the other known L-CPT 1 proteins, and is identical to that from pig ( Figure 2) . In particular, all the N-terminal residues involved in determining the malonyl-CoA sensitivity of rat L-CPT 1 are conserved in the ovine L-CPT 1, making it probable that the same interactions also occur in this protein.
Ovine M-CPT 1 has several substitutions within the N-terminal segment when compared with the known monogastric species sequences, some of which are non-conservative (Figure 2 ). Asp 17 , Ala 27 and Ile 36 -Asn, present in all other previously known mammalian M-CPT 1 enzymes, are replaced by Glu, Val and ValArg respectively. Two basic residues, Arg 22 , which is conserved in all other mammalian CPT 1 proteins, and His 30 , which is conserved in all other mammalian M-CPT 1 sequences, are replaced by Gln in the ovine enzyme. Interestingly, Gln 30 is conserved in all L-CPT 1 enzymes studied so far. Thus ovine M-CPT 1 has a number of substitutions that distinguish it from other M-CPT 1 proteins and in particular, residues 30 and 37 are more characteristic of an L-type enzyme.
Using EST and genomic DNA sequence data we were able to incorporate porcine and bovine M-CPT 1 sequences into our comparison (Figure 2) . Pig M-CPT 1 has an N-terminus more similar to those of previously cloned M-CPT 1 proteins than that of sheep, with only a conservative Asp 17 → Glu substitution. However, M-CPT 1 from cow contains this substitution and three of the other changes present in the ovine M-CPT 1 sequence. The bovine sequence also has a substitution of the absolutely conserved Gly 35 for Val. Therefore ruminant M-CPT 1 enzymes appear to have distinctive N-terminal primary sequence characteristics.
In order to determine whether the distinctive N-terminal sequence of ovine M-CPT 1 compared with rat M-CPT 1 is responsible for the lower K m for carnitine and lower malonyl-CoA sensitivity observed for the ovine protein expressed in P. pastoris (Table 2 ), a chimaeric cDNA was generated with the N-terminus (plus transmembrane segment 1) of the rat enzyme joined to the remainder of the sheep M-CPT 1. The chimaeric cDNA was expressed in P. pastoris and kinetically characterized, using the same methods that were used for the parental molecules.
As anticipated from our previous studies on the effects of alterations in intra-molecular interactions in rat CPT 1, the major effects of the replacement of the ovine M-CPT 1 N-terminus with that from rat were on palmitoyl-CoA and carnitine kinetics ( Table 2 ). The increase in IC 50 for malonyl-CoA, obtained with use of a fixed concentration of 35 µM palmitoyl-CoA in the assays, can be attributed to the reduction in K m for palmitoylCoA (Table 2) , since malonyl-CoA is a competitive inhibitor with respect to this substrate. The results suggest that the N-terminal sequence differences in ovine M-CPT 1 are responsible for the lower K m for carnitine and higher K m for palmitoyl-CoA of the ovine enzyme, compared with rat M-CPT 1. These observations strengthen our previous conclusions [10] that for the M-CPT 1 isoform, the N-terminal segment is primarily involved in determining the enzyme's kinetic characteristics with respect to the two substrates, rather than to malonyl-CoA. Such reciprocal effects on the K m values for carnitine and palmitoylCoA are expected if the N-terminal segment in M-CPT 1 interacts with catalytic regions of the molecule that contain closely apposed binding sites for palmitoyl-CoA and carnitine. Thus the high IC 50 for ovine M-CPT 1 relative to that of the rat enzyme (Table 2) is not due to the N-terminal sequence differences, but rather is likely to be due to intrinsic differences in the C-terminal segments. The lack of effect of substituting the ovine M-CPT 1 N-terminus with that from rat is in accord with our previous observation from a chimaera-based study, in which the N-terminus of rat L-CPT 1 did not alter the IC 50 of rat M-CPT 1 [10] .
In summary, we have sequenced cDNAs for the L-and M-isoforms of ovine CPT 1. We demonstrate several differences in tissue distribution of the respective mRNAs, which may relate to the distinctive ruminant metabolic physiology. M-CPT 1 mRNA expression is more widespread than in monogastric species and there may be switching of the identity of the predominant isoform expressed in the mammary gland with the onset of lactation. Of particular interest, in view of the absence of glucose from the digestion products of the ruminant gut, is the observation that the ovine pancreas expresses predominantly M-CPT 1, as opposed to L-CPT 1 in monogastric species, where malonyl-CoA is suggested to be involved in coupling glucose metabolism to insulin secretion [46] . We also show that N-terminal sequence differences in ovine M-CPT 1, compared with rat M-CPT 1, influence the affinity of the enzyme for both its substrates.
Thus, as with our studies on Drosophila CPT 1 [9] and those of other groups on porcine L-CPT 1 [13, 47] , the present comparative studies on the CPT 1 isoforms of ruminant species may provide valuable insights into the workings of the enzyme.
